The composition dependence of the structural transition between the monoclinic 1T and orthorhombic T d phases in the Mo1−xWxTe2 Weyl semimetal was investigated by elastic neutron scattering on single crystals up to x ≈ 0.54. First observed in MoTe2, the transition from T d to 1T is accompanied by an intermediate pseudo-orthorhombic phase, T * d . Upon doping with W the T * d phase vanishes by x ≈ 0.34. Above this concentration, a phase coexistence behavior with both T d and 1T is observed, instead. The interlayer in-plane positioning parameter, δ, which relates to the 1T β angle, decreases with temperature as well as with W substitution indicating strong anharmonicity of the layer displacements. The temperature width of the phase coexistence remains almost constant up to x ≈ 0.54, in contrast to the broadening reported with applying pressure.
I. INTRODUCTION
Quasi-two-dimensional van der Waals layered materials such as the transition metal dichalcogenides (TMDs) have received considerable attention recently because of their fascinating electronic properties arising from nontrivial band structure topologies, the emergence of superconductivity and its competition with a charge density wave instability, and extreme magnetoresistance. Weak interlayer coupling allows TMDs to readily change their layer stacking and crystal symmetry by a sliding mechanism. One particular compound of interest in this class is the semimetal MoTe 2 , in which cooling results in layer stacking changes that break inversion symmetry, allowing for a type-II Weyl semimetal to emerge. Since changes in layer stacking affect material properties including their topological properties in a fundamental way, the stacking mechanism across phase transitions can provide insight into the transition from trivial to non-trivial topologies. When MoTe 2 is cooled below ∼250 K, its layers slide from the stacking arrangement of the monoclinic 1T symmetry toward that of the orthorhombic T d phase [1] with the reported Weyl semimetal state [2, 3] . The 1T and T d phases have P 2 1 /m and P nm2 1 symmetry, respectively. Recently, the 1T -T d transition was shown to exhibit surprisingly complex behavior, with transitions between both ordered and disordered layer stacking in various regions of the T d -1T thermal hysteresis loop [4] . A new phase was found, the pseudo-orthorhombic T * d , which appears only on warming [4, 5] . The kink in resistivity upon warming is likely due to the onset of T * d [4] . The tendency to form stacking superstructures was also suggested by transmission electron microscopy [6] .
Despite the recent focus on van der Waals layered materials, transitions involving layer sliding, such as those found in MoTe 2 , have not been studied extensively, especially when compared to other types of structural phase transitions such as those involving soft phonon modes [7] . The "sliding layer transition" can be thought of as a distinct kind of structural phase transition, in which the layers shift from one stacking to another as a function of temperature or other external parameters. Materials with reversible temperature-induced sliding layer transitions include CrX 3 (X=Cl, Br, I) [8] and α-RuCl 3 [9] , of interest for their magnetic properties; Bi 4 I 4 [10] , of interest as a weak topological insulator in its β phase; and possibly Mn-doped CdPS 3 [11] , though with conflicting evidence [12] . A better understanding of the conditions that allow sliding layer transitions to occur in MoTe 2 should help understand their presence in other materials as well.
A multitude of factors besides temperature is known to influence the sliding layer transitions in MoTe 2 , such as composition and pressure. Increasing the W fraction as in Mo 1−x W x Te 2 increases the transition temperature [13] . The effect of W substitution has been observed via transport measurements up to x = 0.57 (but only up to 400 K) [13] , and inferred from room-temperature measurements throughout the phase diagram [14] [15] [16] , with WTe 2 long known to have the T d structure [17] . Other compositional variables include Te deficiency, which is reported to broaden the hysteresis in MoTe 2−y crystals [18] ; Fe-doping, which lowers the transition by ∼80 K with ∼1% impurities, broadening the transition while still preserving the asymmetry of the resistivity hysteresis loop [6] ; and Nb substitution, which lowers and broadens the transition [19] . Pressure decreases the transition temperature in MoTe 2 [5, [20] [21] [22] [23] [24] , with the T d phase not observed beyond ∼1.2 GPa. Pressure also broadens the temperature range of the transition, with the complex behavior at ambient pressure being replaced by a broad phase coexistence region where T * d is no longer present [5] . In WTe 2 , pressure also converts the T d phase to 1T , but only at a much higher pressure, with reported values of 4-5 GPa [25] , 6 GPa to 15.5 GPa [26] , or 8 GPa [27] .
Numerous other factors influence the transition in Mo 1−x W x Te 2 . Terahertz frequency light pulses are reported to drive WTe 2 to a centrosymmetric metastable state [28] . In a thin film WTe 2 device, applied voltage can induce an electric field across WTe 2 that switches between different stacking orders [29, 30] . An electron beam has been used to manipulate polar domain walls in MoTe 2 [6] . In-plane strain can subtly change the T d -1T transition temperatures in MoTe 2 [31] . Non-hydrostatic pressure can preserve the T d phase of MoTe 2 beyond the point where hydrostatic pressure would render it extinct [24] . Finally, reducing the out-of-plane thickness suppresses the transition in MoTe 2 flakes [32] [33] [34] , typically with the T d phase remaining up to 300 K [33] , though the atmosphere to which the flake is exposed may determine which phase is present [34] .
Despite the versatility in the ways of influencing the T d -1T transition, a detailed understanding of the transition mechanism is still lacking. A model based on free energy has been proposed [35] to explain the relative stability of the T d and 1T phases. The lack of phonon softening as a function of pressure was reported to suggest that the T d -1T transition is entropy-driven [24] . Meanwhile, a connection to the Barkhausen effect has been made [32] , in which the magnetization of a ferromagnet exhibits sharp jumps when an applied magnetic field follows a hysteresis loop; for MoTe 2 , temperature plays the role of field, and jumps in resistivity (due to changes in stacking) play the role of jumps in magnetization (due to individual magnetic domains switching their polarization). Each of these observations may provide essential details for a complete explanation of the transition.
The structure of Mo 1−x W x Te 2 can be captured in a picture of identical, centrosymmetric layers ( Fig. 1(a) ), stacked according to an A/B sequence of symmetryequivalent stacking operations ( Fig. 1(b) ). These symmetries (identical and centrosymmetric layers) will be broken as the overall stacking requires, though only resulting in a small distortion of the atomic positions, e.g., < ∼ 0.5% of the a and c lattice parameters between 1T and T d as calculated from reported coordinates [24] . In the ideal picture, these structures are specified by two parameters: the A/B stacking sequence; and δ, the distance along the a-direction between the centers of inversion symmetry of neighboring layers as shown in Fig.  1(a) . (More generally, we define δ as the distance between the midpoints of the metal-metal bonds, which coincides with the definition in the ideal case and for 1T , but also holds for the non-centrosymmetric T d .) The repeated stacking sequences for the phases are AA... for T d , AB... for 1T , and AABB... for T * d . For their twins, these sequences are BB..., BA..., and ABBA..., respectively. In addition to these ordered phases, stacking disorder is present throughout the T d -1T hysteresis loop [4, 36] , and analysis of neutron diffuse scattering suggests that this disorder is also consistent with an A/B stacking [36] . Irrespective of the stacking sequence, the positioning of atom pairs in adjacent layers is essentially the same. In the ideal picture, an inversion operation applied to a structure that maps a particular layer onto itself will map surrounding layers from one stacking into another, reflecting the order of the A/B sequence of stacking operations while swapping every A with B and vice versa. Thus, A and B are, ideally, symmetry-equivalent stacking operations, and the parameter δ between any two adjacent layers would be the same regardless of A-or Bstacking. In reality, δ can still be uniquely defined for any adjacent layers in 1T (derived from the β angle and the a and c lattice parameters) or T d (derived from the atomic coordinates). From reported data in the literature, δ changes substantially with composition and less so with temperature. For example, values of δ in MoTe 2 for 1T at 300 K and T d at 3 K, extracted from the neutron diffraction refinement data in Ref. [24] , are 0.57386 (10) and 0.5768 (11) , respectively, while δ = 0.56082 (13) for WTe 2 at 113 K [37] . Understanding trends in how δ, the A/B stacking sequence, and the lattice parameters change as a function of temperature and composition could help clarify the conditions under which sliding layer transitions proceed.
In this paper, we report on elastic neutron scattering measurements on Mo 1−x W x Te 2 single crystals, focusing on changes in the structure as a function of W sub-stitution and temperature. The complex behavior seen in MoTe 2 is gradually replaced by a phase-coexistencelike behavior. Beyond about x > ∼ 0.3, the T * d phase is no longer observed. The δ parameter decreases with both temperature and W-substitution. Increased Wsubstitution does not substantially change the transition temperature range up to x ≈ 0.5, in contrast to the broadening seen under pressure.
II. EXPERIMENTAL DETAILS
The Mo 1−x W x Te 2 crystals were grown via flux growth in excess Te. To begin with, Mo, W, and Te powders in some nominal ratio Mo 1−z W z Te 2.1 were thoroughly mixed and pressed into a pellet. The pellet was sealed in an evacuated silica ampoule and sintered at 950 • C for 1 to 2 days, followed by quenching in water. Next, the sintered material was pressed into pellets and sealed with Te flux in a typical mass ratio of 1:3 of Mo 1−z W z Te 2.1 to Te in an evacuated silica ampoule, which was laid horizontally with a slight tilt downward toward the front of the box furnace. The ampoule was typically heated to 1150 • C at a rate of 100 • C/h, then steadily cooled down to 950 • C in 1 to 3 weeks, followed by quenching in water or liquid nitrogen. (For x < ∼ 0.08, quenching is necessary to avoid the formation of the 2H phase [16] .) The Te flux was subsequently removed by reheating the ampoule in a tube furnace at 900-1000 • C, then decanting the liquid Te toward one end of the ampoule and quenching in water.
The W fraction x determined by energy-dispersive Xray spectroscopy (EDS) was frequently much different from the nominal x, so c 300K , the distance between nextneighboring layers at 300 K (equivalent to the T d -phase c-axis lattice parameter, or twice the layer spacing) was measured and used to characterize the doping levels. We performed X-ray diffraction (XRD) and EDS measurements on numerous single crystals to obtain a relationship between c 300K and x, then used this relationship to obtain effective x values (see Table I ) for the single crystals used for the neutron scattering experiments. To account for uncertainty in c 300K between different crystals, an uncertainty of 0.01Å was assumed (in addition to uncertainties due to fitting), based on discrepancies observed in c between different MoTe 2 crystals. Analysis details are presented in the Supplemental Materials [38] . We used labels with "MWT" for crystals with x > 0.01, and "MT" for the remaining crystals.
Neutron scattering of W-substituted crystals consistently showed a relatively small transition temperature range, even when EDS measurements indicated a range of W-fractions across a crystal, suggesting that the aligned domain did not have the inhomogeneity suggested by EDS measurements. For instance, for the MWT6 crystal, EDS measurements suggest a W-fraction of x = 0.64(6), but we use the effective W-fraction of x = 0.505(25) since this value is derived from neutron scattering measure- (25) 13.955 (10) ments taken in the same aligned coordinates as for measurements of the transition. Some growth conditions differed from those listed above. For the MT2 crystal, a 2:1 mass ratio of Mo 0.8 W 0.2 Te 2 to Te flux was cooled from 1250 • C to 950 • C. Despite the nominal x = 0.2 W-fraction, EDS and c-axis lattice constant measurements indicated a Wfraction of x < ∼ 0.01, so we labeled this crystal MT2. The other crystals labeled with "MT" are nominally x = 0. For MT3, a Mo:Te mass ratio of 1:25 was used, and cooling was done from 1050 • C to 900 • C, as described in Ref. [31] . The MT3 crystal was measured under pressure for the data in Ref. [5] before the ambient-pressure measurements in this paper. For the crystals measured by XRD having 0.5 < x < 1, the ampoule with the initial material was heated to 950 • C at a rate of 100 • C/h, then cooled to 750 • C in 1 week. WTe 2 crystals were synthesized by sealing W and Te in a 1:13 molar ratio in an evacuated silica ampoule, and heating at 850 • C in a tube furnace for 7 days.
Powders of MoTe 2 , Mo 0.8 W 0.2 Te 2 , and WTe 2 , used for neutron powder diffraction on the NOMAD instrument, were synthesized by sintering a stoichiometric mixture of powders of the elements, but with 5% excess Te (e.g., Mo 1−z W z Te 2.1 .) After grinding, the powder was pressed into a pellet, sealed into an evacuated silica ampoule, and sintered at 950 • C for MoTe 2 and Mo 0.8 W 0.2 Te 2 , and 900 • C for WTe 2 , for at least 31 hours. Sintering was performed twice, with an intermediate mixing, followed by quenching in liquid nitrogen. Substantial decomposition of the WTe 2 powder occurred, with a ∼26% weight fraction of elemental tungsten seen in refinement of neutron diffraction data, but no sign of Te deficiency was seen in refinement of the WTe 2 structure, which yielded a 2.03(3) Te occupancy.
Triple axis spectrometer measurements were performed on the HB1, CG4C, and HB1A instruments at the High Flux Isotope Reactor of Oak Ridge National Laboratory (ORNL), and on the SPINS instrument at the NIST Center for Neutron Research of the National Institute of Standards and Technology. All measurements were elastic, with incident neutron energies of 13.5 meV for HB1, 4.5 meV for CG4C, 14.6 meV for HB1A, and 5.0 meV for SPINS. The collimations for the HB1 and CG4C measurements were both 48 -40 -S-40 -120 , the collimation for HB1A was 40 -40 -S-40 -80 , and the collimation for SPINS was open-80 -S-80 -open. For SPINS, Be filters were used before and after the sample. For CG4C, a Be filter was used after the sample. Timeof-flight single crystal neutron diffraction measurements were performed on CORELLI [39] at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL).
The NOMAD instrument [40] at the SNS of ORNL was used for the powder neutron diffraction measurements. For these measurements, 7 g of MoTe 2 and 2 g each of Mo 0.8 W 0.2 Te 2 and WTe 2 were sealed into vanadium cans and measured at a sequence of temperatures, on cooling from ∼300 K, for 3 hours per scan. Rietveld refinement was done using the GSAS-II software [41] .
All errorbars denote one standard deviation unless otherwise stated. (As noted above, estimates of x for crystals used in neutron scattering include an uncertainty of 0.01, which is an estimate of deviations in c when measuring different crystals of the same composition.)
For simplicity, all coordinates in this paper are reported in a unified orthorhombic coordinate system with a ≈ 6.3Å, b ≈ 3.5Å, and c ≈ 13.8Å, with c defined as twice the layer spacing, equivalent to the c-axis lattice constant in the T d phase.
III. DATA ANALYSIS
Much information about the structural phase transitions in Mo 1−x W x Te 2 can be obtained simply from the elastic neutron scattering intensity along (2, 0, L) [4] , which is plotted as a function of temperature in Fig. 2 for five crystals with different W-substitution levels. (Data on additional crystals are shown in the Supplemental Materials [38] , including the exceptional cases of two nominally MoTe 2 crystals with very broad transitions [38] .) The behavior for the lowest-doped crystal, MWT1 with x ≈ 0.09, is similar to that of MoTe 2 [4] . Starting in the T d phase, we observe the (202) T d and (203) T d Bragg peaks at L = 2 and L = 3. On warming up to ∼280 K, the (205) T * d peak appears at L = 2.5, indicating the arrival of the T * d phase. Above ∼295 K, diffuse scattering appears in a "V"-shape that spreads out from L = 2.5 (and from L = 2 and L = 3 to some extent.) On further warming, MWT1 gradually transitions into 1T , and the (202) D1
1T and (203) D2 1T Bragg peaks form near L = 2.3 and L = 2.7, where D1 and D2 denote each of the 1T twins. On cooling, diffuse scattering appears in a similar V-shape as for warming, with intensity gathering toward L = 2.5 but remaining diffuse. Then, the diffuse scattering diminishes, and the T d peaks at (2, 0, 2) and (2, 0, 3) are formed.
With increasing W-fraction, there is a transformation from a complex transition to a simpler, phasecoexistence-like behavior. For MWT1 and MWT2 (x ≈ 0.17), a T * d peak at L = 2.5 is seen on warming, but on cooling, the V-shaped diffuse scattering is much more subtle for MWT2 than MWT1. Similar behavior is seen in MWT3 with x ≈ 0.21 as for MWT2 (see Supplemental Materials [38] .) By MWT4 (x ≈ 0.34), a T * d peak is no longer clearly seen, though there is a subtle increase in intensity near L = 2.5. Thus, the T * d phase appears to be extinguished in the vicinity of x ≈ 0.2 to 0.34. By MWT5 (x ≈ 0.42) and MWT7 (x ≈ 0.54), only phasecoexistence-like behavior is seen.
The V-shaped diffuse scattering can be explained by T * d -like regions being present to varying degrees within an overall 1T phase. From simulations of stacking disorder (see Fig. S6 in the Supplemental Materials [38] ), coordinated shifts like ABAB→AABB result in the 1T Bragg peaks near L = 2.3 and L = 2.7 moving closer to L = 2.5. If T d -like changes occurred instead (specifically, shifts such as ABABAB→ABAAAB that create and expand AAA... or BBB... regions), these 1T peaks would instead move away from L = 2.5, which is not seen in our data. Even when the movement of 1T Bragg peaks along (2, 0, L) is small, the movement is always toward L = 2.5. Thus, we see two patterns of behavior: diffuse scattering arising from T * d -like regions intimately mixed within an overall 1T phase, along with an ordered T * d phase present on warming; or phase coexistence of separated domains of T d and 1T .
Mo0.55W0.45Te2
1T'-D1
1T'-D2 Figure 3 . Intensity maps of elastic neutron scattering in the H0L scattering plane on a Mo0.55W0.45Te2 crystal, with the composition estimated from the value of c at 300 K. Data taken at CORELLI at a sequence of temperatures on warming. To illustrate the divergence of the reciprocal space lattices of the two 1T twins, at 480 K the (H05) lines are plotted for each 1T twin, labeled "D1" and "D2".
The shift to phase-coexistence-like behavior is also seen beyond the (2, 0, L) line in reciprocal space. Fig. 3 shows intensity in the H0L plane for a Mo 0.55 W 0.45 Te 2 crystal at two temperatures. Data were taken on CORELLI. At 450 K, the crystal is in the T d phase, but on warming to 480 K, additional 1T peaks appear while the T d peaks are still present. No T * d peaks at half-integer L can be seen. (Additionally, our data show little change in the 0KL plane at different temperatures, consistent with layers sliding solely along the a-direction [4, 36] . We observed no anomalies in the temperature-dependence of the a, b, and c lattice parameters that were due to the transition.) The intensities for MT1 and MT2 are from the same data sets presented in Ref. [4] , and intensities for most of the remaining crystals were obtained from data plotted in Fig. 2 or Fig. S5 (in the Supplemental Materials [38] .) For MWT1, a different data set (taken on HB1A) with a fuller hysteresis than that plotted in Fig. 2 To characterize how transition temperatures change as a function of W-fraction, we plotted I (203) , the intensity averaged near (2, 0, 3), as a function of temperature in Fig. 4(a,b) . (A similar quantity, I (2,0,2.5) , is shown in the Supplemental Materials in Fig. S7 [38] .) Generally, I (203) is maximum at low temperature due to the presence of the (203) T d peak. At high temperatures, the crystal is in the 1T phase, so no Bragg peaks are present near (2, 0, 3) and I (203) is at a minimum. In between the extremes, two types of behaviors can be seen, depending on whether the transition is complex (with a T * d phase and V-shaped diffuse scattering) or phase-coexistence-like. For crystals with lower W fraction (MT1, MT2, MT3, MWT1, and MWT2), pairs of "onset" temperatures can be seen, two on warming, and two on cooling. In MWT1, for example ( Fig. 4(b) ), on warming from T d , the intensity drops abruptly at the onset to T * d around ∼280 K. (We note that the transition to T * d was already in progress when data collection started for the MWT1 data in Fig. 4(a,b) .) The intensity then plateaus, and around ∼305 K a second onset temperature is passed, beyond which the gradual transition into 1T starts. On cooling from 1T (Fig. 4(a) ), we again see two kinks in I (203) , first at the onset into a frustrated T * d region (with the V-shaped diffuse scattering) near ∼305 K, and then at the onset to T d near ∼280 K. The pairs of onset temperatures are close together on warming vs. cooling, despite the crystal entering and leaving different structures (as discussed for MT2 [4] .)
In contrast, for the higher W-substituted crystals (MWT4, MWT5, MWT6, and MWT7), the onset to the transition is less sharply defined, and no intermediate onset temperatures are evident on warming or cooling. The onset temperatures on warming or cooling are not as close together as for lower W; for example, in MWT7, the transition begins around ∼480 K on cooling (into T d ) vs. 460 K on warming (into 1T .) Fig. 4(c) shows a phase diagram of the transition as a function of the W fraction x. The upper and lower boundaries of the transition in the phase diagram denote temperatures at which 20% or 80% of I (203) is crossed. Transition temperature increases roughly linearly with x up to x ≈ 0.5. (The peak near x = 0.5, as well as the similar anomaly for the β angle in data presented below, is likely due to the estimated W fraction from c 300K being slightly off, mis-ordering the true W fractions for the two x ≈ 0.5 crystals.) The temperature range of the transition does not change substantially up to x ≈ 0.5 when compared to the broadening seen under pressure [5] . However, though for x < 0.5 the temperature range is about the same for warming and cooling, the range is noticeably broader on warming for MWT6 and MWT7 with x ∼ 0.5. Interestingly, the transition under pressure also tends to become broader on warming [5] .
We now shift our attention to the δ parameter, which gives information about the interlayer potential energy landscape. The total energy is expected to have two minima with respect to layer displacements along the a-direction (as calculated for T d [24] ), with a separation that we label . The δ parameter is related to via 1 + = 2δ. This parameter can be measured from the distance s = 2H along (2, 0, L) separating neighboring Bragg peaks (centered on integer L) of opposite 1T twins. The parameter (and thus δ) is related to the 1T monoclinic β angle via tan(β − 90 • ) = a c . In Fig. 5(a,b) we plot the monoclinic β angle and the δ parameter as a function of W fraction. We see the expected decrease in β and δ with W-substitution [15] . However, the δ parameter (and β) appears to [19, 20, 24, 36, 42] (below 300 K) and 1T [24] (at 300 K) phases, labeled by first author.
have a significant temperature-dependence, as is seen in Fig. 5(c) , where we plot δ for the MWT1 crystal between 320 and 600 K. We also plot δ extracted from MoTe 2 coordinates reported in the literature for the T d [19, 20, 24, 36, 42] and 1T [24] phases. The literature MoTe 2 δ values are consistent with the overall trend implied by our MWT1 δ values, though insufficient to determine the extent of any discontinuity in δ across the transition. The temperature-dependence of δ must skew the δ and β values in Fig. 5(a,b) downward with increasing x, since these values were measured at temperatures that increased with W substitution (in accordance with the increasing transition temperature.) However, the decrease in δ with x likely cannot be explained by the temperature-dependence alone, since the decrease in δ from 320 to 600 K in MWT1 is only a fraction of the decrease in δ from x = 0 to x = 0.5 in Fig. 5(b) .
The strong anharmonicity in vibrations involving layer displacement along the a-direction [24] provides an explanation for the decrease in δ with temperature. If we assume two layers oscillate relative to each other within a double-well potential (with each minimum corresponding to A-or B-type stacking), and the potential slope is less steep in directions toward the midpoint between the minima, then larger vibrations would shift the average interlayer position closer together, which corresponds to smaller (effective) and δ. In principle, the data suggest a trend where, at a sufficiently high temperature, δ would approach 0.5 and would approach 0, and a higher-symmetry structure would result (dubbed T 0 and calculated to be unstable [6] ); however, the rate of change of δ (∼0.006 from 320 to 600 K) is too low for such a phase to be reached before the decomposition of Mo 1−x W x Te 2 . To a large extent, Mo 1−x W x Te 2 can be thought of as a modular material [43] , where the modules (the layers) can be rearranged locally in multiple ways, though unlike many modular materials, the rearrangement occurs reversibly with temperature. The small change in the interlayer spacing across the transition (as seen in Fig. S2 in the Supplemental Materials [38] ) highlights the similarity in the positioning of neighboring layers. Nevertheless, despite the near-symmetry-equivalence of the positioning of adjacent layers in Mo 1−x W x Te 2 , certain stackings are clearly preferred over others, depending on temperature and thermal history. For MoTe 2 , we have argued [4] that the onset temperatures discussed above provide boundaries for temperature ranges where certain types of shortrange stacking are preferred. This situation is depicted in Fig. 6(a,b) , with the onset temperatures marked T 1 and T 2, and assumed, for simplicity, to be the same on cooling vs. warming (though there is a ∼5 K hysteresis on the onset to or from T d [4] .) For T > T 2, ABABAB... stacking is preferred. For T < T 1, AAAA... or BBBB... stacking is preferred. For T 1 < T < T 2, AABBAABB... stacking is preferred. However, the transition is often frustrated, and only the T d →T * d and T * d →T d transitions proceed without disorder. The onset temperatures only mark the beginning of a transition toward a certain type of order; e.g., warming well above T 2 is needed to transition essentially completely into 1T .
On W substitution, we propose that the T 1 and T 2 onset temperatures move closer together ( Fig. 6(c,d) ) and eventually merge ( Fig. 6(e,f) ) as the transition behavior becomes more phase-coexistence-like. On cooling, the V-shaped diffuse scattering becomes abbreviated, with a slight shift of intensity toward L = 2.5 (as seen for MWT2 in Fig. 2(c) .) On warming, the T * d temperature range appears to shrink ( Fig. 4(b) ), though there is some ambiguity in estimating this range. Regardless, in our picture, we would expect moving T 1 and T 2 together to shrink the T * d range, but not to shrink the V-shaped diffuse scattering until T * d is completely gone, which would explain the presence of the V-shaped diffuse scattering on warming for MWT2 but not cooling (Fig. 2(c,d) .) In this way, W substitution would not just increase the overall temperature of the transition, but move each onset temperature separately in ways that control which types of stacking are possible.
The δ parameter may provide clues to the conditions that allow stacking transitions to occur, since δ is related to , the spacing between energy minima on layer translation. It seems likely that the decrease in δ (and thus ) with temperature represents mode-softening behavior [7] , albeit an unusual case since, to a good approximation, δ and are independent of stacking order. It would be interesting to know how changes in δ affect the band structure, which might in turn affect the relative stability of different stacking structures, as well as the presence of Weyl points.
It is instructive to compare the sliding layer transitions of the chromium trihalides CrX 3 (X=Cl, Br, I) to that of Mo 1−x W x Te 2 . The chromium trihalides each transition between a high-temperature monoclinic phase and a low-temperature rhombohedral phase along a thermal hysteresis loop [8] . Each of these phases can be built by a repeated stacking operation, but the operations for the two phases are not symmetry-equivalent with each other (though the outer halide ions of adjacent layers maintain similar positioning), in contrast to the ideally symmetryequivalent A and B stacking operations of Mo 1−x W x Te 2 .
This lack of symmetry-equivalence may explain why a significant discontinuity (∼0.3%) in the interlayer spacing is reported for CrCl 3 [44] and CrI 3 [45] , but not for Mo 1−x W x Te 2 in our data (at most ∼0.04% from T d to T * d in MT2.) Another similarity between CrX 3 and MoTe 2 is the lack of a transition for crystals that are sufficiently thin, with no transition in CrI 3 for a 35-nm-thick [46] or 4-nm-thick [47] crystal, and no transition in MoTe 2 for a ∼12-nm-thick crystal [33] (and a broadening of the transition with decreasing thickness reported below ∼120 nm [32] .) For MoTe 2 , quantum confinement due to thickness reduction has been offered as an explanation for the stability of the T d phase in thin films at room temperature [33] . It is worth mentioning a skin effect that exists in CrI 3 ; its surface layers are reported to have a different stacking than the bulk, but this stacking (along with their different magnetic ordering) can be changed with an applied magnetic field [48] . Skin effects, where the structure of surface layers is different than that of the bulk, are known in materials such as the relaxor ferroelectric PbMg 1/3 Nb 2/3 O 3 [49] , and it would be interesting to know if such an effect is present in Mo 1−x W x Te 2 . A better understanding of the sliding layer transitions of Mo 1−x W x Te 2 may improve understanding of materials such as CrX 3 , where magnetism and stacking are intertwined.
V. CONCLUSION
We investigated the structural phase diagram in Mo 1−x W x Te 2 along hysteresis loops between 1T and T d for x up to ∼0.54. With increasing W fraction, the complex behavior first seen in MoTe 2 transforms into a phase coexistence-like behavior, and the T * d phase is not observed for x > ∼ 0.3. The δ parameter, and thus the monoclinic β angle in the 1T phase, decrease with temperature as well as W. Though a phase-coexistence-like behavior is also observed under pressure, the transition width remains roughly constant under W-substitution, in contrast to the substantial broadening seen under pressure.
